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for manufacturing such an optical filter 



(57) An optical signal amplification device (200) 
comprises an optical amplifier (210) having a wave- 
length-dependent gain and an equalization device (100) 
optically coupled in series to the optical amplifier and 
having a wavelength-dependent transmission function 



that substantially equalize the gain of the optical ampli- 
fier, the equalization device comprising a waveguide 
Bragg grating having a substantially constant refractive 
index envelope and a chirp rate that varies in such a 
way as to obtain the wavelength-dependent transmis- 
sion function. 
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Description 
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the term A(z) is modulated (for example, with a continuous variation from about 500 nm to about 502 nm), and the 
typical reflection spectrum of a chirped grating. As it can be noted from Figure 1c, the reflection spectrum shows a 
peak that is relatively broad. 

[0013] Pitch chirping is predominantly used, as it offers broader grating bandwidths and relative ease of production. 

5 The chirp can be incorporated into the fibre during the fabrication process ("intrinsic chirp") or can be obtained by 
applying an external perturbation to a fibre already including a non-chirped grating ("extrinsic chirp"). 
[0014] Intrinsic chirp can be introduced in different ways, for example by using a nonuniform period phase-mask, by 
subjecting the filter to strain of temperature gradients during the writing process, by writing gratings on pre-strained 
fibres or in fibre tapers, by curving the fibre in a standard phase-mask set-up, by tilting the fibre with respect to a phase- 

10 mask, or by interfering wavefronts of dissimilar curvatures in a holographic arrangement. These methods of writing 
broad-bandwidth gratings, which require very good mechanical stability and spatial coherence properties of the writing 
beam, suffer from the disadvantage of allowing a limited choice of filter spectral response. 

[0015] To form an extrinsic chirp, external perturbations such as strain gradients or temperature gradients can be 
used. This external perturbation can also be used to vary the chirp so as to tune the filter spectral response. US 
'5 6,169,831 , in the name of Lucent Technologies, for example, teaches how to use a temperature gradient or a strain 
gradient as an extrinsic gradient for this purpose. These devices have, however, the drawback that relatively large 
external gradients perturbations are required to obtain a suitable range of chirping, and such perturbations may have 
a negative impact on the reliability ef the fibre. 

[0016] It is known to use chirped gratings for compensating the chromatic dispersion in a WDM transmission system. 

20 [0017] WO 98/08120, in the name of PIRELLI CAVI E SISTEMI S.P.A., tackling the problem of chromatic dispersion, 
proposes a technique (defined "Continuous Fibre Grating Technique") to produce afibre grating suitable to compensate 
said dispersion. According to this technique, a fibre, exposed through a mask to a UV radiation periodically time mod- 
ulated, is continuously translated along its axis by a translation stage, so that subsequent exposures produce over- 
lapped fringes. Arbitrary phase profiles and in particular a linear chirp can be built up by inducing phase shifts along 

25 the grating as it is fabricated. 

[001 8] WO 98/081 20 also refers to a previously developed technique, described in US 6,072,926 (Cole et al.), where- 
in a phase mask is scanned by a writing laser beam to generate the grating pattern. The fibre and the phase mask are 
moved with respect to one another during the writing process, to vary the grating properties along the length of the 
grating. Relative movement in a single direction provides a change of grating pitch, and so can be used to fabricate 

30 chirped or multi-wavelength gratings. Bi-directional dither alters the strength of the grating, and so can be used to 
fabricate apodised gratings. 

[0019] WO 99/31537, in the name of University of Southern California, describes a nonlinearly-chirped fibre grating 
for achieving tunable dispersion compensation, chirp reduction in directly modulated diode lasers, and optical pulse 
manipulation. The nonlinearly-chirped fibre grating may be made by a near-UV technology that uses an interference 

35 pattern produced by a phase mask, and has a mechanism to adjust the Bragg phase-matching condition. In one em- 
bodiment, the grating is made of a mechanically stretchable or compressible material and has a nonlinearly chirped 
grating period, and a transducer is engaged to the grating to uniformly change the overall length of the grating, thus 
providing a spectral shift in the operating spectral range. In another embodiment, the grating has a uniform grating 
period and a nonlinearly chirped effective index of refraction along the grating direction, and the grating material is 

40 responsive to a spatially-varying external control field (such as an electric field, an electromagnetic field, or a temper- 
ature field) so that the nonlinear chirp can be adjusted to change relative delays of different spectral components. In 
yet another embodiment, the grating has a nonlinearly chirped grating period and an externally adjustable spatial profile 
in the effective index of refraction. The overall length and the effective index of refraction of the grating can be individually 
adjusted to change the relative delays of different spectral components and to shift the operating spectral range of the 

45 grating. 

[0020] A different application of fibre Bragg grating is for gain equalization of optical amplifiers in multi-wavelength 
transmission systems. For this application, apodised Bragg grating, sometimes chirped, are typically used. 
[0021 ] The article of M. Ibsen et al., "Custom Design of Long Chirped Bragg Gratings: Application to Gain-Flattening 
Filter with Incorporated Dispersion Compensation", IEEE Photonics Technology Letters, Vol. 12, No. 5, May 2000, 

so presents and experimentally demonstrates relationships between the refractive index modulation, the chirp-rate or 
dispersion and the transmission loss through, and reflection of, chirped Bragg gratings, and applies them to the design 
of a gain flattening filter with incorporated dispersion compensation. In the described example, the grating (which is 
going to be operated in reflection) is apodised over 1 0% of the total length at either ends, in order to reduce the ripples 
in the reflection and dispersion profiles. 

55 [0022] US 6,130,973, in the name of Institut National D'Optique, relates to a method and an apparatus to photo- 
induce a grating in an optical fibre. In a preferred embodiment, a laser beam is deflected by a mirror towards the fibre 
at an angle of incidence generally perpendicular to the waveguide axis. A phase mask facing the fibre generates an 
interference pattern, which produces the modulated refractive index change in the fibre. By modulating a galvanometer 
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preferred, non-limiting embodiment thereof: _ 
. Fi9 u„,csh=» Sa ...l e c.ion S p« ! .n™o.achirp.d6r a g9 9ra«n 9; 

• ; ========== 

45 (3) 

T (z)= a-f(An(z))-g(dA/dz) 

5 1.478 W 



[0039] The 
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TL[dB\ = .T[dB] 

so that 

TldB\=.TLldB\=-(T\ -Anf.l™. 
T0040J By using equation (1), equation (4) can fae ^ ^ ^ * 

7I = (Tl.A n ) 2 . 2 ./7 w .ldZ8 
1*1 

or, equivalently, as follows: 



20 TLdk= ( r \- A nf-2.n gfr i.478-dz 
[0041] Equation (8) can be integrated to obtain: 

2/ W (10) 

40 and the chirp rate: 



'Vnax 
fTLdA = (/j. 



Anf.2 n eff . 1.478- jdz = ( n .An) 2 . 2 



^ °" --F"W*»r-2-n«'Un-L (12) 
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target transmission loss TL(X)) 

[0046] From this consideration it is possible to understand why a filter according to the present invention allows a 
reduction of length with respect to a filter including an apodised grating. 

[0047] To this aim, let's express the transmission loss TL(X) as TL(X)= TL max -f(X), where TL max is the maximum value 
of TL(X) and 0^f(X)S1 . 

[0048] In the filter of the invention, An can be fixed to the maximum value An max allowable by the characteristics of 
sensibility of the fibre and by the characteristics of the writing setup, and the length of the filter can be derived from 
equation (12): 

x max 
7L max . jf(X)dX 

(13) 



(r\Anf-2n eff -1.478 



[0049] In a filter showing apodisation and a constant chirp rate, the chirp rate and, therefore, the function dX/dz, are 
established in such a way as to guarantee that, with an index modulation as high as permitted by the fibre fotosensibility 
so and the writing setup, the value TL max can be reached. From equation (7) it is therefore derivable that dA/dz shall be 
fixed as follows: 



[0050] By integrating equation (14), the following equation is obtained: 

1.478 , 



AX = (n-An) -2 n Bfr 
and the length L2 of such a filter is therefore: 



(i\An) 2 .n efr 1.478 



[0051] By comparing equations (1 3) and (16), it is evident that L^Lg. In fact, L, can be equal to L 2 only when f(X) 
=1 for every value of X, i.e. if TL(X) is constant and equal to TL^, which is not the case of a gain flattening filter. 
[0052] The reduction of length obtainable with the filter of the present invention with respect to a known apodised 
filter is therefore: 

Xmax 

\f(X)dX 

At = ^± = l--*™Q (17) 

Z-2 AX 

[0053] For example, with respect to a known apodised filter having the following apodisation function: 

™4M^)] ' < 18 > . 
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rn^Jf i0 " ° f l6n9th 0f 50% is stained. 
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[0069] Moreover, control system 6 is adapted to compare the current position value provided by the interferometer 
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follows. 



if the fibre can be 

of phase mask, i.e.: pncn * W of the 9 ratl "g « half of the pitch Ap M ( 2 ) of the co 



(19) 

where A PM 0 and CR PM are the c< 



e corresponding portion 

A(2) = = A PWo + C flp/W . * 

2 2 (20) 

[0083] It is thus possible to express the x 



ex coordinate along the phase mask as; 
_2A(z)- ApM0 



and the scan velocity v sc (t) as: 



r, according to equation (10): 



(21) 



vsc(t) = 

where K is a constant. 



(23) 



■ - u v-uiioiani. 

. [0085, As a result, wn 6 he S« 7* f ° r Can b ^ed " 3 -PMd V " the z 

NUMERIC SIMULATIONS AND EXPERIMENTAL MEASURES 



UV laser wavelength: 244 nm; 
UV laser power: 135 mW; 
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- Fibre translation velocity: 3 mm/s; 

- Mirror translation velocity v sc (t): according to equations (23) and (9); 
Phase-mask chirp rate (linear chirp): 7.65 nm/cm; 

Phase mask length: 25 mm; 

Phase mask central period: 1 071 .2 nm; 

Fibre single-mode loaded with D 2 - Deuterium loading has been carried out placing the fibre in D 2 atmosphere for 
5 days at 50°C, 150 bar. 

[0089] Figure 9, curve EXP, shows the result of the above measure. It can be observed that the experimental results 
substantially confirm the results obtained by numeric simulation. 



Claims 

1. An optical signal amplification device, comprising an optical amplifier (200, 200') having a wavelength-dependent 
gain in a predetermined wavelength band and an equalization device (1 00) optically coupled in series to the optical 
amplifier and having a wavelength-dependent transmission function that substantially equalizes the gain of the 
optical amplifier in said wavelength band, the equalization device comprising a waveguide Bragg grating having 
a substantially constant refractive index envelope and a chirp rate that varies in such a way as to obtain said 
wavelength-dependent transmission function. 

2. The optical signal amplification device of claim 1 , wherein the waveguide is an optical fibre. 

3. The optical signal amplification device of claim 1 , wherein the optical amplifier (200) comprises an active fibre 
(210) coupled in series to the equalization device (100). 

4. The optical signal amplification device of claim 1 , wherein the optical amplifier (200') comprises a first and a second 
active fibre (210, 220), the equalization device (1 00) being interposed between the first and the second active fibre. 

5. An optical transmission system, comprising at least an optical transmitter (310) adapted to generate optical signals, 
an optical transmission line (330) for transmitting the optical signals, and at least an optica! receiver (320) for 
receiving the optical signals from the optical transmission line, wherein at least one of said optical transmitter, 
optical transmission line and optical receiver comprises an optical signal amplification device according to claim 1 . 

6. A gain flattening optical filter (100), comprising an optical waveguide Bragg grating (120) having a substantially 
constant refraction index envelope and a chirp rate that varies in such a way as to have a transmission spectral 
response suitable to equalize the gain spectral response of a predetermined optical amplifier in a predetermined 
wavelength band. 

7. The gain flattening optical filter of claim 6, wherein the optical waveguide is an optical fibre (110). 

8. The gain flattening optical filter of claim 6, wherein it is a transmissive amplitude filter. 

9. A method for manufacturing an optical filter suitable for gain equalization of an optical amplifier in a predetermined 
wavelength band, comprising the steps of 

providing a photosensitive waveguide in a writing position along a z axis; 

scanning a UV beam at a first velocity along the z axis through a linearly chirped phase mask facing the 
photosensitive waveguide, so as to generate UV fringe patterns; and 

translating the photosensitive waveguide at a second velocity along the z axis during scanning, so as to expose 
different portions of the photosensitive waveguide to successive U V fringe patterns; and 
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